INTRODUCTION
Experimental elasticl-5 and swelling5-9 studies on polyacrylamide gels have shown that polyacrylamide gels are inherently heterogeneous. Structure inhomogeneities in polyacrylamide gels have also been observed by electron microscopy lO and by various scattering experiments 11-16. These studies indicate that in polyacrylamide gels, polymer segments and junction points are not uniformly distributed. However, Flory-Rehner-type theories of gel swelling are derived for homogeneous gels. We present here a simple semi-empirical modification of Flory-Rehner theory 17-21 to take into account gel heterogeneity.
Using standard molecular-thermodynamic models to describe swelling equilibria for polyacrylamide gels in water, Hooper et al. 9 and Baker et al. 5 attempted to correlate the swelling properties of polyacrylamide gels to the monomer concentration at preparation. Theory and experiment, however, showed only semiquantitative agreement. When the swollen gel is in equilibrium with the surrounding solvent, .6.p 1 =0.
We use Fiery-Huggins theory17 for .1,u;rux: (2) where k 8 is the Boltzmann constant, Tis the absolute temperature, ¢ 2 is the volume fraction of polymer, and X is the Flory interaction parameter.
We also use the Flory-Rehner theoryl7-21 to calculate 6.p.~las:
where a is the expansion factor, N the number of segments between junction points, ~ the cycle rank, and v the number of total chains. For a perfect network,
where f is the functionality of a network. In the blob model, the volume fraction of polymer ¢ 2 is the average volume fraction of polymer inside a swollen network chain. We define packing factor P such that the overall volume fraction of polymer is equal to P¢ 2 . Painter and Shenoy24 give an approximate relationship between P and f: (6) The packing factor may also be preset to 0.637, the filling factor for a randoQm close packing of spheres24. In the blob model, the expansion factor is given by24
As a measure of the swelling capacity of a gel, we define swelling factor Q by Q=-IP¢e
where ¢e is the equilibrium volume fraction of polymer. For the affine model, P= I . The equation of phase equilibrium is obtained from combining Eqs. (I), (2) , and (3):
HETEROGENEOUS GEL: RESULTS AND DISCUSSION

Ideal Network
To illustrate the difference between the swelling behavior of an ideal network and that of a heterogeneous polyacrylamide gel, we first review the swelling equilibria for (nearly) ideal gels in a good solvent. Figure 
Polyacrylamide Gels
We next consider swelling equilibria for polyacrylamide gels synthesized in water by free-radical copolymerization of acrylamide and N,N'-methylenebis(acrylamide).
Literature data are expressed in terms of two monomer concentrations at preparation defined by5,9
o/oC = moles of cross-link monomer in feed solution x 1 00 total moles of monomer in feed solution
( I I )
% T = mass of all monomers (g) x 100
volume of water (mL) The number of segments between junction points N is related to ¢ 0 by (12) 
where vp is the segment volume and V 0 is the volume of a gel at preparation. For a perfect network, where one cross-link monomer forms one junction point, the number or total chains is given by
where Nc is the number of total cross-link monomers in a feed solution. For a perfect network, Eqs. (13) and (14) give ( 15) Effect of %Cat Fixed %T. Consider swelling equilibria for a series of gels having a fixed %T (i.e., constant ¢ 0 ) prepared at various %C. From Eq. ( 15), for a perfect network,
Further, the weight fraction of cross-link monomers is essentially proportional to %C when %C is small. Therefore, N--1-%C (17) Figure 1 b shows the swelling factor as a function of %C for polyacrylamide gels synthesized at fixed %T4,9,12. Theoretical curves are for 5%T gels with x=0.4668, f=4.
and N given by
N= No
. %C ( 18) where N 0 is a proportionality constant adjusted such that theory agrees with experiment at %C=O.l. Similar to the results shown in Figure To represent swelling equilibria for polyacrylamide gels as a function of %C, we assume a reasonable relationship between Nand %C:
where %C is a constant that depends only on ¢ 0 and is independent of %C. Parameter * %C crudely represents the cross-link monomer concentration at the sol-gel transition point for polyacrylamide gels prepared at fixed %T. Effect of %T at Fixed %C. For a perfect network synthesized at fixed %C. Nc is proportional to ¢ 0 which depends on %T. In that event, Eq. ( 15) shows that N is independent of ¢ 0 . Because 6..U~Ias for the blob model is independent of ¢ 0 , the blob model predicts that the swelling factor is independent of ¢ 0 . In the affine model, the swelling factor slightly depends on ¢ 0 because the expansion factor depends on ¢ 0 as given by Eq. (5).
Experimental data 11, however, show a strong dependence of the swelling factor on ¢ 0 . Figure 3a shows the swelling factor for polyacrylamide gels having %C=0.61 I 1.
Theory and experiment show good agreement by using the modified affine model with N given by * (20) ¢o-¢o
where ¢ 0 is a constant that depends on %C but is independent of ¢ 0 . Similar to o/oC in * Eq. (19) , parameter ¢ 0 crudely represents the total monomer concentration at the sol-gel transition point for polyacrylamide gels prepared at fixed %C. Figure 3b shows the swelling factor for a series of polyacrylamide gels synthesized with a fixed amount of cross-link monomers in a feed solution4. The curve is a fit using the modified affine model with N given by (21) * where ¢ 0 is a constant that depends on Nc but is independent of ¢ 0 . Parameter ¢ 0 represents the total monomer concentration at the sol-gel transition point for polyacrylamide gels prepared at fixed Nc. For a series of polyacrylamide gels in Figure   3b , the swelling factor decreases with ¢ 0 , probably because significant clustering of cross-link monomers occurs at small ¢ 0 . 
Effect of %Tat Fixed
CONCLUSIONS
